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I. IN TR O D U C TIO N
1. Synopsis.—The general problem of non-uniform flow in conduits 
of various types is a fascinating and fertile field for hydraulic research. 
Experimenters have so far, except in a few instances, overlooked the 
hydraulics involved in the flow of liquids in various parts of the plumb­
ing drainage system. Accelerated and retarded flow in the vertical 
pipes and drains with steep and flat slopes, as found in every plumbing 
drainage system, present complicated hydraulic problems which merit 
further study by hydraulicians.
Besides the hydraulic problems, the plumbing drainage system pre­
sents interesting pneumatic problems. Since the pipes flow only part­
ly full the flowing water causes pressures to be developed within the 
closed plumbing drainage system which may be detrimental to the 
water seals of plumbing fixture traps. Therefore air must be supplied 
a t certain points and removed at others by a system of vents.
After considerable time spent in reviewing existing information, pre­
liminary test work, and development of test techniques, it became 
quite clear that the hydraulic and pneumatic problems involved in the 
flow of water down vertical plumbing pipes and the prevention of re­
sultant excessive atmospheric disturbances in the drainage system, were 
far from simple. As the work progressed the complexity of the many 
hydraulic problems encountered became apparent, and it was evident 
that the work could not be completed in a short time.
The purpose of these studies is to establish definite minimum drain, 
stack, and vent sizes for various plumbing installations, and to ana­
lyze the various parts of the plumbing drainage system so that they 
can be designed on a sound rational basis. Although tables of re­
quired stack, drain, and vent sizes could be made up from the infor­
mation contained in the report, it was not thought advisable to present 
them here. However, the information given can be of considerable 
value to designers of plumbing drainage systems of large buildings.
The report is divided into two parts. The first deals with the hy­
draulics of steady flow in partly full vertical pipes of plumbing sys­
tems; besides considerable experimental data, a rational analysis of
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the flow is presented. The second deals with the pneumatic disturb­
ances caused by the flow of water in vertical pipes, and with the factors 
effecting the amount of air necessary to prevent excessive negative 
pressures in adjoining drains.
2. Acknowledgements.—The authors wish to acknowledge the many 
helpful suggestions given in the preparation of this report by F. T. 
M av is , Professor of Hydraulic Engineering, the State University of 
Iowa, and Consulting Engineer, Iowa Institute of Hydraulic Research.
The experimental work on which this report is based was per­
formed a t the Hydraulic and Sanitary Engineering Laboratory of the 
University of Wisconsin.
3. Previous Work.— Hunter and Snyder of the United States Bur­
eau of Standards1 mention certain characteristics they observed in flow 
of water down partly full pipes and discuss the factors affecting the 
velocity of the water. In  the report2 they present a sound basis for 
design of vents, but do not give very extensive data on air-flow.
Babbitt3 has presented some good information on tests of different 
parts of the plumbing drainage system but presents little experimental 
information on the hydraulics of vertical pipes.
From the standpoint of pneumatics the vertical pipes (or stacks) 
in a plumbing drainage system are the most important parts of the 
system, because flow of water in them produces by far the worst pneu­
matic effects. A considerable part of this report is devoted to the 
hydraulics and pneumatics of stacks.
II. FLOW OF W ATER IN  PARTLY FULL VERTICAL PIPES
4. Statement of Problem.— The purpose of this investigation was to 
determine how water flows down partly full vertical pipes, what veloci­
ty  it attains in different heights of fall, and how that velocity varies 
with rate of discharge and size of pipe.
The tests were made with water entering vertical stacks from hori­
zontal drains similar to plumbing system installations. No tests were 
made with water entering stacks vertically, such as discharges down
l “ Recommended M inim um  R equirem ents  for P lum bing ,”  1929, pp. 104-108. Report 
of Sub-Committee on Plum bing, B u ild ing  Code Committee, U. S. D epartm ent of Com­
merce.
2Loc. cit., pp. 110-120.
3H. E. B abb itt ,  “ H ydrau lic s  and  P neum atics  of House P lum bing ,”  Bulletins 143 
and 178, U n ive rs ity  of I l l ino is  E ng inee ring  E xperim en t S ta tion , 1924 and  1928, respec­
t ive ly .
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pipes from tanks, vats, and roof rain collectors. Tests on such flow 
conditions are to be undertaken later. The theory presented may be 
applied to any type of entrance condition, as long as the vertical pipe 
flows only partly full.
S. Apparatus.— Fig. 1 shows a diagrammatic sketch of vertical 3-in., 
4-in., and 6-in. pipe set-ups in which the velocity of water was de-
Fig. 1. E x perim ental  V ertical P ip e  I nstallation
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termined for various constant rates of discharge. The water entered 
the vertical pipes from a large tank through a  valve the opening of 
which determined the rate of flow. Between the entrance point and 
bottom of the vertical pipe there were various openings through which 
a  pitot tube could be inserted for determining the velocity head. The 
water was discharged a t the bottom through a horizontal drain. In  
each of the three installations a vertical length of approximately 30 
ft. was available in which the velocity could be observed.
6. Procedure.— The velocity was measured with a pitot tube, the 
velocity head being determined by a mercury U-tube gage as shown 
in Fig. 2.
F ig . 2. V elocity  D eter m in a tio n  A pparatus
A velocity reading was taken by recording the average mercury 
column difference reading of the pitot tube gage during the period of 
constant discharge. At any one level, readings were taken a t various 
points inside of the pipe in order that an average velocity value could 
be computed. The velocity reading as finally computed represents 
about ten different observations for any single rate of flow. I t  was 
necessary to read the pressure head in the vertical pipe in order 
to obtain the correct velocity head from the observed pitot tube gage 
pressure difference. In  virtually all instances this pressure head was 
negative (below atmospheric). A correction was also made for height 
of water column above the pitot tube opening in the connection lead­
ing to the mercury gage. Referring to Fig. 2 the velocity was deter­
mined in the following manner:
http://ir.uiowa.edu/uisie/10
hi — velocity head as measured by pitot tube in in. of mercury, 
fe =  static pressure in stack, usually a vacuum, ft. of water. 
hi =  height of water above pitot tube opening, ft.
13 6H  =  ( ' hi) -f- hi -(- hs =  velocity head in ft. of water.
V =  \/2 g H  ■= velocity in ft. per sec.
As shown diagrammatically in Fig. 2, the water tends to flow along 
the walls of the pipe a few feet below the entrance. The direction of 
the average velocity is parallel to the pipe except a t very low rates 
of flow. At the very low rates of flow the water spirals around the 
walls of the stack. No velocity determinations were made under such 
conditions.
7. Analysis of Data.—
(a ) Rational Analysis
A rational analysis of the flow down a partly  full vertical pipe in­
volves the establishment of a relationship between the velocity a t any 
point below entrance and the initial velocity and height of fall.
Let A I  be an accelerating elemental disc of water a distance L  be­
low the point of entry into the vertical pipe. The disc is accelerating, 
and the force acting on it is equal to the difference between gravita­
tional force and frictional force.
nia =  mg —  k' x D  (A L) wV2 (1)
in which k' — the friction resistance expressed in lbs. per sq. ft. per 
unit density of liquid flowing per unit velocity.
D  =  diameter of stack, feet. 
w =  unit weight of water, lbs./ft.:i
V — average velocity of water in ft./sec. (Frictional force 
varies approximately as square of velocity.) 
g =  gravitational constant =  32.2 ft./sec.2 
a =  acceleration of water a t any point.
w
m — mass of water =  (A L) A —
g
Since the stack is not flowing full, A can best be expressed as ~
where Q is the rate of discharge in cubic feet per sec. Also, in order 
that the friction constant used be dimensionless k' is replaced by 
k
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k X  DV3
Therefore: a =  g ---------^ ---- - (2)
T , 7 k -  D A V dVLet z  =  — —— , and as a =  ——■■ ■
V dL
then, dL  =  (3)
Integrating and letting V =  V0 when L  =  O:
1 r, / .  . 3VmV \  , 3FWF
6ZF„
\ I K«iK _ /  . \ - i[ gfi( + ( 7 *  — F ) V  ~  gc( + (FW— 70)2)]
------ = --------( arctan----------=------ a rc tan-------------= —  ] (4)
V3 Z V m \  V m \ / l  Vm\Jl  J
Since the velocity V is a maximum when the acceleration a is zero, 
it is evident from Equation (2) tha t maximum or terminal velocity 
of water in the stack is 
Qg
(S)
According to Equation (4), the maximum velocity will be attained 
when L  is infinite, but practically this is not the case. Changes in 
frictional resistance on the walls of the pipe cause the water to attain 
a maximum velocity in a definite length and Equation (4) can readily 
be used for computing L. Assume D =  3 in., Q — 90 gpm, V0 — 
3 ft. per sec., and find the distance in which maximum velocity is a t­
tained. From experimental data shown in Table 1, k =  .00225, 
therefore from Equation (5), Vm =  15.4 ft. per sec. Substituting in 
Equation (4) and letting ( Vm —  V) =  .01 ft. per sec., L  =  16.7 
ft.; when (Vm —  V) =  .1, L  — 11.3 ft. For all practical purposes 
it can be said that the maximum velocity is attained in approximately 
12 to IS ft. for conditions stated.
(b) Analysis of Test Data
Fig. 3 shows the variation of velocity with height of fall in the 3-in., 
4-in., and 6-in. vertical pipes, as obtained experimentally. Velocities 
are plotted as ordinates and heights of fall as abscissas. Note that 
the velocity a t any point increases as the rate of discharge increases, 
and also that the velocity becomes constant a relatively short distance 
below the inlet. The maximum velocity for a given rate of discharge 
in any size pipe is independent of the initial velocity and is definitely 
determined for any given discharge. In  the 3-in. stack installation it 
was possible to maintain the initial velocity a t about 3 ft. per sec. for
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H e i g h t  o f  F a l l  i n  S t a c k  i n  F e e t
F ig . 3. V elocity  of W ater in  3 - i n ., 4 - i n ., a n d  6 -i n ., S tacks w it h  D ifferent  
R ates of F low
all discharges. On the 4-in. and 6-in. installations the initial velocity 
was not constant for all discharges; varying from about 6 to 14 ft. per 
sec. for the 4-in. stack, and from 2 to 10 ft. per sec. for the 6-in. stack.
The friction coefficient k for each discharge and size of pipe was 
computed from Équation (5) and the values are shown in Table 1. 
In  these tests k was usually higher for the low rates of flow and de­
creased as the rate of flow increased becoming fairly constant for the 
higher rates of flow, when water filled the stack to at least one-fourth 
the cross-sectional area.
The maximum velocity for any discharge in a given size stack can 
be computed by Manning’s formula, in which the hydraulic radius is
—— —and the slope is 1.0.V x Ü
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Experimental values of n are given in Table 1. Note that the rela­
tion between k and n for uniform velocity is:
/1 .4 8 6 \%  /  Q y /s  
\  n )  n )
The experimental values of n generally fall in the range .0055 to 
.0065. The values for the 4-in. stack are below this range. In the 
tests on the 4-in. stack the water entered the vertical pipe through a 
3-in. opening, and for the lower rates of flow the stream of water 
probably did not touch the walls of the 4-in. pipe. In  the 3-in. stack 
tests the water entered through a 4-in. opening, and the values of n 
for the various rates of discharge differed less than 3 per cent from 
the average .0064. In the 6-in. stack tests the water entered the ver­
tical pipe through a 6-in. opening. Direct visual observation through 
openings in the 6-in. stack indicated that a t the higher rates of flow 
the stream of water did not touch the walls a t all points, thus account­
ing for the smaller values of n at the high rates of discharge. For
T able 1
M a x im u m  V elocity  and  F riction  C onstants
iisr 3 - i n ., 4 - i n ., a n d 6 - i n . Stacks
Diam. of Water Maximum
Stack Discharge Velocity k n
in. gpm ft./sec.
3 45 11.5 .00268 .0063
90 15.4 .00225 .0062
135 17.6 .00226 .0064
180 19.5 .00220 .0066
4 90 16.8 .00129 .0044
135 19.0 .00134 .0047
190 20.4 .00152 .0053
240 21.2 .00170 .0057
300 22.0 .00190 .0062
6 115 12.3 .00280 .0067
165 14.4 .00252 .0066
220 17.4 .00190 .0059
345 21.7 .00155 .0055
450 25.0 .00132 .0052
560 26.5 .00139 .0054
675 27.5 .00148 .0057
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rates of flow between 200 and 700 gpm in the 6-in. stack the average 
value of n was .0055 and the maximum deviation was 6.5 per cent.
In  the foregoing calculations it was assumed that the wetted peri­
meter was equal to x D. Obviously if actual conditions do not approxi­
mate this, the roughness index n, as computed from formulas in which 
it D  is used as the wetted perimeter, will vary with size of pipe and 
discharge. Relative size of entrance opening and vertical alignment 
of the stack are important factors in determining whether the stream 
will flow along the entire inside perimeter of the stack. The only test 
in which visual observation definitely indicated that the stream of water 
touched the entire perimeter a t all times was that for the 3-in. stack.
Since k varies with velocity for any given stack and discharge, it 
is necessary to compute L  by Equation (4) for increments of velocity 
for which the average value k can be assigned. If the velocity is 
changing the value of k can be computed from the expression:
Using experimental values of initial velocity and friction constants 
n for the 3-in. stack, curves were drawn by computing values of L  
from Equation (4). These curves had the same general shape as those 
in Fig. 3 for the experimental data.
8. Summary and Applications.— From the experimental data and 
the theoretical relations presented, the maximum velocity in a  pipe 
flowing partly full and the height needed to produce that velocity can 
be determined for any of the common sizes of vertical pipes used in 
plumbing and industrial installations.
The maximum velocity attained in vertical pipes flowing partly full, 
with the water entering the pipe through an opening equal to or great­
er in size than the pipe itself, can be computed within 10 per cent by 
Manning’s formula in which n — .0060. This value of n, determined 
by experiments on 3-in., 4-in., and 6-in. cast iron vertical pipe, is sug­
gested also for 2-in., 5-in., and 8-in. vertical pipes.
The length in which the maximum velocity is attained varies with 
the initial velocity, however a general idea of the magnitude can be ob­
tained from the experimental data presented. The method for com­
puting this length by use of the theoretical relation between length
(8)
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and velocity is fairly simple if the initial and maximum velocities are 
known.
The theoretical relation between height of fall L  and velocity V can 
be used in computing the initial vertical velocity Vo by experimentally 
measuring the velocity a t a known distance below entrance. Although 
it  is difficult to determine the initial vertical velocity by direct ob­
servation, it is an important quantity when the maximum possible 
discharge a t any one level into a vertical pipe is considered.
The maximum velocity obtained is of importance in studying effects 
a t bottom of vertical pipes where the flow turns 90° and flows in a 
horizontal drain. I t  is also to be used in the pneumatic studies in 
order to determine how much air can be carried by the rapidly flowing 
water.
II I . PN EU M A TIC EFFECTS OF W ATER FLOW ING DOWN 
PARTLY FULL VERTICAL PIPES
9. Statement of Problem.— Water flowing down vertical pipes such 
as plumbing stacks, roof leaders, and tank drains, creates pneumatic 
disturbances of various degree depending on the installation and rate 
of flow. These pneumatic disturbances are important in plumbing 
systems since the pressure differentials may not be greater than about 
1 in. of water in the drains to which plumbing fixtures are connected. 
Although the water seal is about 2 in. in most plumbing fixture traps, 
some are as small as 1 in.
As water enters a vertical pipe from a horizontal drain and flows 
down, partial vacuums are formed under the point of entrance, and 
positive pressures near the bottom of the down-flow pipe. The falling 
water entrains air and compresses it near the bottom of the stack to 
a  degree depending on the ease with which the air can escape a t the 
bottom. A partial vacuum or positive pressure is maintained a t various 
points in the stack for the duration of the water flow. The magnitude 
of the pressures or vacuums depends on the rate of flow and installa­
tion conditions.
To prevent the formation of excessive pressure differentials in the 
drains to which plumbing fixtures are connected, air must be supplied 
or removed at definite rates. The problem is to determine what these 
rates of air flow are for various rates of water flow in different size
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vertical pipes a t various distances below water entrance. The deter­
mination of these rates of air flow will provide a basis for proper vent 
design.
10. Apparatus.— The 3-in., 4-in., and 6-in. vertical pipe apparatus 
(Fig. 1) used in the velocity studies was also used in these tests. Air 
pressure measurements were made with ordinary U-tube water or mer­
cury gages. A tee was installed in the vertical pipe approximately 
one floor level below the water entrance and most of the measurements 
of air flow were made a t this level.
The air flow was measured with a 3-in. anemometer which was cali­
brated by means of standard sharp-edge orifices. The pressure differ­
ence across the orifices used for calibration did not exceed 6 in. of 
water, thus permitting the use of ordinary hydraulic formulas in cal­
culating the air flow. The instrument was calibrated for different sizes 
of pipes.
An anemometer was used for convenience, and also because the pres­
sure just outside of the vertical pipe in the vent, could be maintained 
constant much more readily than if orifices or other types of meters 
were used directly. The pressure just outside the vertical pipe in the 
vent was maintained a t -1 in. of water corresponding to that which 
can exist in a plumbing installation. A head of 1 in. of water would 
be the maximum head for producing air flow. A negative pressure 
greater than 1 in. would produce too much siphonage of plumbing 
fixture traps.
Intervals of time were measured by an electric clock reading to 
1/100 second.
11. Procedure.— Two separate studies were made on each of the 
vertical pipe installations. First, for different rates of water flow down 
the pipes, pressures were read along the entire length of the pipe with 
no air entering except at the top of the vertical pipe. This test indicated 
the variation of the pressure inside the pipe flowing partly  full of 
water, from the point of water entrance to the bottom.
The second study was concerned with air-flow measurement for vari­
ous water discharges. Three quantities were observed for each air­
flow measurement: (1) the rate of air flow, (2) the pressure inside the
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F ig . 4 . P r e s s u r e  V a r ia t io n  i n  O pen U n v e n te d  3 - in .  and 6 - in .  S t a c k s  
3-in. S tack  Connected to 70 ft. of 4-in. Sewer.
6-in. S tack Connected to 25 f t .  of 6-in. Sewer.
unvented stack without air flow, and (3) the pressure inside the vented 
stack with air flow.
Some tests were also made to determine the amount of air entering 
through the top of the vertical pipes for different rates of water flow, 
both with and without venting below the water entrance.
12. Analysis of Data.— The data for the first study are shown on 
Fig. 4 in which the distances below water entrance are plotted as or­
dinates and the pressure differentials for the 3-in. and 6-in. pipe in­
stallations as abscissas. The pressure shown is tha t produced inside 
a  stack open a t the top but having no vents below water entrance 
This pressure reaches a maximum negative value a short distance be­
low water entrance and maximum positive value a t the bottom, the 
magnitude for any installation depending upon the rate of discharge. 
Note that the point where pressures change from negative to positive 
is the same for all rates of flow. The location of this point of zero
http://ir.uiowa.edu/uisie/10
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gage pressure, the magnitude of the positive and negative pressures, 
and the location of the point of maximum negative pressure depend 
on conditions a t the bottom of the vertical pipe, type of base fitting, 
and length of drain at the bottom.
Representative data for the second study are shown in Fig. 5. Rates 
of air flow and the corresponding pressures inside the 4-in. stack are 
plotted as ordinates and rates of water flow are plotted as abscissas. 
Fig. 5(a) shows these data for a 4-in. sanitary tee vent connection 
and top of stack entirely open. In  Fig. 5(b) the conditions are sim­
ilar except tha t the vent opening is 3 in. The data in Fig. 5(c) are 
for a 3-in. vent opening but with top of stack entirely closed. In 
Fig. 5(d) the data were .obtained two floor levels below water entrance 
instead of one floor level. The data for the 4-in. stack indicate in 
general all the various items that affected the variation of air flow 
and pressure inside of stack with water discharge. The test results on 
the 3-in. and 6-in. stacks do not indicate anything different from what
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can be concluded from the 4-in. stack data. Complete test data on 
the 3-in., 4-in., and 6-in. stacks are shown in Tables 2, 3, and 4. The 
recorded values are the average of some five separate observations.
A study of the experimental data brought out the following facts:
(1) For a given stack the maximum rate of air flow occurred a t the 
same rate of water discharge for all conditions except when the top 
of the stack was closed. For open stacks the maximum rate of air 
inflow was caused by water rates of 130 gpm, 190 gpm, and 550 gpm 
in 3-in., 4-in., and 6-in. stacks respectively. W ith the top of the 
stack closed, a slightly greater maximum rate of air inflow was caused 
by water rates of 40 gpm, 90 gpm, and 350 gpm in 3-in., 4-in., and 
6-in. stacks respectively. (2) The negative pressure inside the stack 
with air flowing in increased almost uniformly with increase in rate 
of water discharge. A definite pressure difference existed between the 
vent, just outside of the stack, and inside of the stack itself. (3) 
When the top of the vertical pipe was closed, high partial vacuums 
were developed, reaching about 13 ft. of water for the 6-in. stack, 
6 ft. for the 4-in. stack, and 2 ft. for the 3-in. stack. However, the 
rate of air inflow was not greatly increased above that existing when 
the top was open, though the partial vacuum inside of the pipe re­
mained much higher as shown in Fig. 5(c). (4) The type and size 
of vent opening through which the air flows into the vertical pipe af­
fects the air inflow. (5) The maximum air inflow for each stack 
occurred on the floor immediately below the water entrance. Toward 
the bottom of the stack the air inflow decreased and became air out­
flow in the regions of positive pressure. For instance, on the 4-in. 
stack which is similar to a 3-story building installation, when water 
entered on the third floor, the air inflow a t the first floor level was 
about one-half that a t the second floor level. No air entered the stack 
at the second floor when the air flow measurement was made a t the 
first floor level. If the stack received air at the second floor no great 
amount of air was required a t the first floor level.
In  Fig. 5, note the curves indicating the pressure inside the stack 
a t the point of air entrance. In  all the tests the negative pressure in 
the vent just outside the stack was maintained a t 1 in. of water. Ex­
cept for the smallest rates of water discharge, the negative pressure 
inside of the stack exceeded 1 in. of water. In  other words a pres­
sure differential existed between a point in the vent just outside the 
stack and a point inside the stack— two points but a few inches apart.
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The resistance to the flow of air producing this pressure differential is 
the blanket of flowing water covering the vent opening. The higher 
the rate of discharge the thicker was this wall of water and the greater 
the pressure differential. Hence, a partial vacuum whose intensity de­
pends on the rate of water flow must exist inside the vertical pipe 
even if there is a direct opening to the air a t the vent or drain con­
nection tee.' If the tee through which the air flowed into the stack 
had been open directly to the air, the negative pressures inside the 
stack as shown for various discharges would have been simply 1 in. of 
water less than the value indicated on the curves in Fig. 5.
The fact that there is a pressure differential as mentioned above has a 
practical significance in the venting of plumbing systems. If the pressure 
differential is to be kept, say, below 1 in. of water, the permissible 
rate of discharge is quite low. If the allowable differential is 1 in. of 
water and if the negative pressure in the vent just outside the stack 
is Yz in. of water, the pressure inside the stack will be -l.S in. The 
Yi in. of water would be the pressure producing the necessary air flow 
in the vent, from the outside air to the stack. Tables 2A, 3/1, and 4A 
show the water flow, air inflow, and stack air pressure data for the 
3-in., 4-in., and 6-in. stack installations respectively, when the stack 
top was open and a sanitary tee vent connection was used equal in 
size to the diameter of the stack. Interpolating between the experi­
mental values given it is seen that a rate of water flow above 500 gpm 
for the 6-in. stack, 170 gpm for the 4-in. stack, and 100 gpm for the 
3-in. stack produced a pressure differential greater than 1 in. of water. 
Note that in these experiments the pressure in the vent just outside 
of the stack was -1 in. of water. Therefore when there was a  pres­
sure differential of 1 in. of water between inside and outside of stack 
the pressure inside the stack (hv) was -2 in. If the vent opening is 
smaller than the stack diameter the allowable rate of water discharge 
will be less. Table 3B shows that for a 1-in, pressure differential be­
tween inside of stack and vent, on a 4-in. stack with a 3-in. vent open­
ing, the discharge was ISO gpm. Table 4B  shows correspondingly on 
a 6-in. stack with a 4-in. vent, the discharge was 350 gpm.
However, there is no apparent reason why the pressure inside of a 
plumbing stack should be kept a t any particular limit, as long as 
there is proper and sufficient venting to keep the pressure in the ad­
joining drains, to which fixtures are connected, above -1 in. of water. 
If the negative pressure inside of the stack exceeds 1 in. of water,
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every drain or fixture connected into the stack through a multiple 
opening fitting at that particular level should have a separate vent. 
Consider a specific case on the 4-in. stack and refer to the data shown 
in Fig. 5 (a). If the pressure in the vent is not to exceed -J4 in. of 
water, and if the water rate is greater than. 110 gpm, the pressure in 
the stack will be greater than -1 in. of water, and every drain or fix­
ture connected to the stack a t that point must have a vent leading to 
the outside air. The value of water discharge obtained from Fig. 
5(a) is that for which the pressure inside of the stack was -1.5 in. In 
the tests the pressure in the vent was kept a t  -1 in. of water and a 
pressure of -1.5 in. inside the stack therefore, means tha t there was 
a pressure differential of Yi in. between a point inside the stack and 
one just outside the stack in the vent.
Tables 2, 3, and 4 show water flow, air flow, and air pressure for the
3-in., 4-in., and 6-in. stacks. In order to be able to predict roughly the 
maximum air inflow for a particular size of stack, it is necessary to de­
termine the factors upon which the actual maximum air flow depends. 
Since the air is carried along in the stack by the rapidly flowing water, 
the theoretical maximum air flow for any rate of discharge is equal 
to the product of the area of the stack not occupied by the water and 
maximum water velocity:
Qn:ax. =  ( ^ - ^ )  Vm (9)
4 V m
in which:
Qn ax. =  theoretical maximum rate of air flow, cu. ft. per sec.
Qw =  rate of water flow, cu. ft. per sec.
Vm =  maximum velocity of water, ft. per sec.
The actual air inflow will undoubtedly be less than this theoretical 
maximum rate. For one test on the 4-in. stack and one on the 6-in. 
stack (see Table 3B and Table 4B)  the air flow into the top of the 
stack was determined for rates of flow a t which the air inflow in the 
vent below the water entrance had also been measured. The sum of 
the air flow into the top and tha t through the vent was found to agree 
quite closely with the computed theoretical maximum rate of air flow 
when the vacuum in the stack was small, indicating that the stack 
was getting all the air it required.
Theoretical maximum rates of air flow (Qmax.) computed from
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the water discharge and velocity data (Column 5, Tables 2, 3, and 4) 
reached a maximum and then gradually decreased. Note that the values 
of actual air flow, shown in Column 3 of Tables 2, 3, and 4, decrease 
relatively much more after reaching a maximum than do the computed 
values of theoretical air flow. The reason for this is tha t the actual 
air flow, besides being a function of the theoretical air flow, also de­
pends on the conditions at the vent opening into the stack. At high 
rates of water discharge the blanket of water across the vent opening 
produces enough resistance to the inflow of air to decrease the air flow 
appreciably. In other words for any stack installation there is a defi­
nite maximum rate of air inflow coming within a range of water dis­
charge that stacks are ordinarily designed to carry. If vents are pro­
vided to supply this maximum rate of air flow the worst possible con­
dition of venting will be provided for.
In  an attem pt to find some criterion that would indicate the rate 
of water flow producing maximum air flow for a given stack installa­
tion, a study was made of the pressure data inside the stack, both 
with and without air inflow, for any given discharge. The relative 
amount of air inflow will depend on the amount the negative pressure 
is reduced at the point on the stack where the air enters; in other 
words on the difference between the pressure reading with no air and 
with air, (knv —  hv). (See Columns 7, 8, and 9 of Tables 2, 3, and 
4 ). Also, if the remaining negative pressure in the stack with air 
flowing in is high, the air inflow will be relatively low. Therefore,
the actual air flow should be a function of the ratio, ■— — JL. This
hv
quantity was computed for various rates of water discharge, and in 
every case its maximum value coincided with the water discharge pro­
ducing maximum air inflow. The rate of water discharge producing 
the maximum rate of air inflow can, therefore, be determined for any 
given installation by experimentally determining the maximum value 
of the above indicated quantity.
The last column of Tables 2, 3, and 4 shows the ratio of actual to 
theoretical air flow. The maximum value of this ratio for open stacks 
with sanitary tee connections was .54 for 3-in. stack and 4-in. vent, 
.61 for 4-in. stack and 3-in. vent, .58 for 4-in. stack and 4-in. vent, 
.63 for 6-in. stack and 4-in. vent, and .79 for 6-in. stack and 6-in. 
vent. These ratios correspond to the water flow producing maximum
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air flow or to the “design rate.” Thus if the water discharge produc­
ing the maximum rate of air inflow has been determined, the actual 
maximum rate of air inflow can easily be calculated for common sizes 
of stacks from the above data. For example, suppose for a given
4-in. stack installation it is found that a water rate of 200 gpm will 
produce the maximum rate of air flow. W hat will be the maximum 
possible rate of air inflow through a 3-in. vent opening?* For 200 
gpm the maximum water velocity is about 20.5 ft. per sec. (See 
Column 3, Table 1). Therefore from Equation (9) the maximum 
possible rate of air flow is,
0 .  =  . « > ( i £ -  i s o ^ a s ) - 20' 5
=  .81 cu. ft. per sec., or 36S gpm.
Referring to Columns 1 and 2 of Tables 2, 3, and 4, note that for 
the test installations with sanitary tee vent connections and open stacks 
the rates of water flow producing maximum air inflow are: 130 gpm 
for the 3-in. stack, 190 gpm for the 4-in. stack, and 550 gpm for the 
6-in. stack. For other installations these rates may be slightly differ­
ent but there seems no reason to suppose the variation will be great. 
Also, these rates should apply to 45° wye vent connections. However, 
these rates will be considerably less for stacks with tops closed or 
with top openings much smaller than the stack diameter.
13. Summary and Applications.— This investigation may be sum­
marized as follows:
(1) Water flowing down a vertical pipe creates pressure differentials 
from the point of water entrance to the bottom of the stack. These 
pressures vary in magnitude and sign depending on the distance be­
low the entrance and on installation details. The curves showing pres­
sure variations along the stack are similar in shape for all rates of 
water flow.
(2) The pressure differentials for the greater portion of the stack 
are negative and relatively large, approximately 30 in. of water. In 
any plumbing system these large pressure differentials will break 
the water seals of fixtures and they must be relieved by supplying air.
*This does not imply th a t  the ven t pipe itse lf  m ust be 3-in.
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(3) Where fixtures are connected to a stack and where a  negative 
pressure exists, air must be supplied for the duration of the water flow 
a t a definite rate depending on the water discharge and the ability of 
the water to carry the air along.
(4) For any stack there is one rate of water discharge which pro­
duces the maximum rate of air flow. For a given installation this 
water discharge can be determined experimentally by finding the
maximum value of the ratio, ^nv, ^V' > where hnv is the negative
pressure inside of the stack without air inflow (vent closed), and hv 
the negative pressure inside of the stack with air inflow (vent open).
(5) The rate of air inflow cannot exceed the product of the area 
of the stack occupied by air and the velocity of the falling water. 
The actual maximum rate of air inflow observed in these tests was 
approximately 50 per cent of this hypothetical maximum for the 3-in. 
stack, 60 per cent for the 4-in. stack, and 75 per cent for the 6-in. 
stack. These values are for sanitary tee connections and vent open­
ings of size equal to the stack diameter. Other types of openings may 
give values slightly different depending on how the water flows by the 
vent opening; however, there is no reason to believe that these values 
would be different for the common 45° wye connections.
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